LH and FSH play crucial roles in mammalian reproduction by mediating steroidogenesis and gametogenesis. Gonadal steroid hormones influence gonadotropin production via feedback to the hypothalamus and pituitary. We previously demonstrated that progesterone and testosterone can stimulate expression of the FSH ␤-subunit gene in immortalized gonadotrope-derived L␤T2 cells. Herein, we investigate how these gonadal steroids modulate activin signaling in the gonado- LH and FSH are heterodimeric glycoproteins composed of an ␣-subunit shared by both hormones as well as a unique ␤-subunit that confers the biological specificity of LH and FSH (4). Synthesis of the LH and FSH ␤-subunits appears to be the rate-limiting step for production of FSH and LH (5, 6). Understanding the mechanisms by which steroid and peptide hormones regulate the transcription of LH␤ and FSH␤ is critical for comprehending the process of LH and FSH production. Although much is known about the responsiveness of the gonadotropin genes to individual hormones, it is still unclear how interactions among these various hormones contribute to the regulation of LH␤ and FSH␤ gene expression.
M AMMALIAN REPRODUCTION DEPENDS upon a
complex orchestration of hormonal regulation in the hypothalamic-pituitary-gonadal axis. The gonadotrope cell in the anterior pituitary acts as a central integrator of steroid and peptide hormone signaling in this axis. Signaling events in the gonadotrope culminate in the synthesis and secretion of two hormones: LH and FSH. These hormones are secreted into the bloodstream where they bind to receptors on the female ovary and male testes and play essential roles in ovulation, steroidogenesis, and gametogenesis (1) (2) (3) .
LH and FSH are heterodimeric glycoproteins composed of an ␣-subunit shared by both hormones as well as a unique ␤-subunit that confers the biological specificity of LH and FSH (4) . Synthesis of the LH and FSH ␤-subunits appears to be the rate-limiting step for production of FSH and LH (5, 6) . Understanding the mechanisms by which steroid and peptide hormones regulate the transcription of LH␤ and FSH␤ is critical for comprehending the process of LH and FSH production. Although much is known about the responsiveness of the gonadotropin genes to individual hormones, it is still unclear how interactions among these various hormones contribute to the regulation of LH␤ and FSH␤ gene expression.
Both steroid and peptide hormones have been shown to modulate LH␤ and FSH␤ gene expression. For example, the hypothalamic neuropeptide GnRH mediates the synthesis of both gonadotropin ␤-subunits in addition to its well-characterized role in secretion (7) . The induction of FSH␤ and LH␤ gene expression by activin has also been well characterized (8 -13) . Moreover, steroid hormones have been shown to modulate the transcription of LH␤ and FSH␤ subunit genes at the level of the pituitary (reviewed by Burger et al. in Ref. 14) . Recently, we demonstrated that two gonadal steroid hormones, progesterone and testosterone, can differentially modulate LH␤ and FSH␤ gene expression in immortalized pituitary gonadotrope cells and, therefore, potentially play a role in differential regulation of LH and FSH (15) . Because activin is a potent activator of FSH␤ and its levels remain relatively uniform during the reproductive cycle, we focused on whether gonadal steroid hormones modulate activin signaling in the pituitary gonadotrope. Our previous study supports the hypothesis that progesterone and testosterone act to increase FSH␤ gene expression directly at the level of the gonadotrope through the classical steroid receptor signaling pathway. However, other studies suggest that gonadal steroid hormones may also regulate FSH␤ indirectly through modulation of components of the activin signaling pathway. Activin signaling may be modulated by gonadal steroid hormones via altering the bioavailability of activin or the intracellular signaling pathways.
Follistatin is a glycoprotein expressed in both gonadotropes and pituitary folliculostellate cells that binds and inactivates activin (16) . Testosterone has been shown to suppress follistatin mRNA and primary transcripts in rat primary cell cultures (17, 18) . Smad mRNA and Smad phosphorylation have also been reported to change after testosterone treatment in rat primary cells (19) . Furthermore, cotreatment of rat primary cells with testosterone and activin enhances FSH␤ gene expression levels beyond those observed with activin alone (20) , and its action can be blunted by follistatin (21, 22) .
Development of the L␤T2 cells provided the opportunity to analyze the mechanisms of steroid and peptide hormonal regulation of the gonadotropin genes in the context of a pure population of gonadotrope cells (23) . Because the gonadotrope cell is exposed to multiple hormonal signals at the same time, there is a high potential for cooperation or synergy among these hormones. The immortalized L␤T2 cell line is an excellent model system in which to study gonadotropin gene expression because it expresses many markers of a mature gonadotrope including FSH␤, LH␤, GnRH receptor, activin, activin receptor, follistatin, and inhibin (24 -27 ). This cell model became even more useful when it became apparent that folliculostellate cells producing follistatin rapidly overgrow primary pituitary cell cultures (28) , thus complicating the interpretation of experiments performed in vitro.
In this study, we investigated the potential for cross-talk between gonadal steroid and activin signaling in gonadotrope cells. Specifically, we used L␤T2 and mouse primary pituitary cells to determine whether progesterone, as well as testosterone, can synergize with activin to mediate expression of the FSH␤ gene. We used transient transfection experiments with a murine FSH␤-luciferase reporter gene to characterize the responsiveness of the proximal promoter to the combined action of gonadal steroids and activin. In addition, we determined whether the synergy between steroids and activin occurred through classical Smad-dependent signaling. Glutathione-S-transferase (GST) interaction assays were used to determine whether progesterone receptor (PR) and androgen receptor (AR) could partner with Smad proteins. And finally, we investigated whether DNA binding of the steroid receptors and/or Smad proteins to the FSH␤ promoter was required for the synergy.
Materials and Methods Reagents
Promegestone (R5020) and methyltrienolone (R1881) were purchased from NEN Life Science Products Life Sciences (Boston, MA). Progesterone and dihydrotestosterone (DHT) were purchased from Sigma Chemical Co. (St. Louis, MO), whereas activin and follistatin were obtained from R&D Systems (Minneapolis, MN). The inhibitors SB-202190 and SB-431541 were obtained from Sigma.
Plasmids
Construction of the Ϫ1000FSH␤luc plasmid was described previously (15, 29) . The GRAS-tk-luc plasmid was also previously described (22) . It is a luciferase reporter gene linked to four repeats of the GRAS element (Ϫ340 to Ϫ315) from the mouse GnRH receptor gene (30) upstream of a minimal Ϫ81 herpes simplex virus thymidine kinase promoter. The pGL3 MMTV plasmid was provided by Jeff Miner of Ligand Pharmaceuticals. The steroid receptor expression plasmids pSG5-rAR and pSG5-rARC562G were provided by Jorma Palvimo (31) . Benita Katzenellenbogen donated the pCMV5-rPR B plasmid, and Dean Edwards provided the pcDNA-I-mPR B and pcDNA-I-mPR A plasmids. Rik Derynck kindly provided the pRK5-Smad3 and PRK5-Smad7 plasmids.
Mutagenesis
Generation of the mutated Ϫ381 hormone response element (HRE) in FSH␤ and the PRC577A mutant unable to bind DNA were described previously (15) . We used the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) to generate mutations in three Smad-binding elements (SBE) in the proximal FSH␤ promoter. The first round of mutagenesis was performed using the Ϫ1000FSH␤luc plasmid and the appropriate oligonucleotides according to the manufacturer's protocol: Ϫ267SBEmut (5Ј-AGATCAGAAAGAATAGTAGCTACTCTAGAGTCACA TTTAATTTAC-3Ј). Then a second round used the plasmid with the mutated Ϫ267 SBE and the appropriate oligos: 153&120SBEmut (5Ј-TGGCATTT CTACTGCTTTGGCGAGGCTTGATCTCCCTGTCCGTAGAAACAATG-3Ј) to generate the 3xSBE mutation (the mutated residues are underlined). We confirmed the sequences of all promoter fragments through dideoxynucleotide sequencing performed by the DNA Sequencing Shared Resource, UCSD Cancer Center.
Cell culture and transient transfection
Cell culture and transient transfection experiments were performed with the L␤T2 cell line (24) . L␤T2 cells were maintained in 10-cmdiameter dishes in DMEM (Cellgro; Mediatech., Herndon, VA) supplemented with 10% fetal bovine serum (Omega Scientific, Inc., Tarzana, CA) at 37 C with 5% CO 2 . One day before transfection, 3 ϫ 10 5 cells were plated per well into 12-well plates. Transient transfection was performed using Fugene 6 reagent (Roche Molecular Biochemicals, Indianapolis, IN) following the manufacturer's instructions. Each well was transfected with 0.4 g reporter plasmid. Additionally, the cells were transfected with 0.2 g steroid receptor. As an internal control for transfection efficiency, we cotransfected the L␤T2 cells with a reporter plasmid containing ␤-galactosidase driven by the Rous sarcoma virus promoter (RSV-␤-gal). The cells were switched to serum-free DMEM 6 h after transfection to eliminate the influence of activin, growth factors, and steroids in the serum. The following day, the cells were treated with ethanol (vehicle control) or hormone for 24 h.
Luciferase and ␤-galactosidase activity assays
The cells were washed once with 1ϫ PBS and then lysed with 0.1 m K-phosphate buffer (pH 7.8) containing 0.2% Triton X-100. After lysing the cells, we assayed the luciferase activity using a buffer containing 100 mm Tris-HCl (pH 7.8), 15 mm MgSO 4 , 10 mm ATP, and 65 m luciferin. ␤-Galactosidase activity was measured using the Galacto-light assay (Tropix, Bedford, MA) according to the manufacturer's protocol. Both luciferase and ␤-galactosidase activity were measured using an EG&G Berthold Microplate Luminometer (PerkinElmer Corp., Norwalk, CT).
Mouse primary pituitary cell culture
Eight-week-old, male C57 Black 6 mice, purchased from Harlan Sprague Dawley, Inc. (Indianapolis, IN), were killed, and the pituitaries were collected in ice-cold Dulbecco's A PBS. After rinsing in PBS, the pituitaries were placed in Hanks' balanced salt solution with 25 mm HEPES (pH 7.2) containing 0.25% collagenase and 0.25% trypsin. After cell dispersion for 30 min at 37 C in a shaker water bath, the same volume of DMEM with 10% fetal bovine serum was added to stop the reaction, and DNase was added to a final concentration of 20 g/ml and incubated for another 15 min at 37 C. After removal of tissue debris, the cells were pelleted by centrifugation and plated at 10 6 cells/2-cm 2 well density. The media was changed to serum-free DMEM with 0.1% BSA 16 h before treatment. Cells were treated with the relevant hormones for 24 h, after which the cells were lysed to obtain total RNA. These studies were approved by the UCSD Institutional Animal Care and Use Committee.
Quantitative real-time PCR
RNA was obtained with Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Contaminating DNA was removed with DNA-free reagent (Ambion, Austin, TX), and 2 g RNA was reverse transcribed using Superscript III First-Strand Synthesis System (Invitrogen). Quantitative real-time PCR was performed using an iCycler from Bio-Rad (Hercules, CA), using QuantiTect SYBR Green PCR Kit (QIAGEN, Valencia, CA) and the following primers: FSH forward, GCCGTTTCTGCATAAGC; FSH reverse, CAATCTTACG-GTCTCGTATACC; GAPDH forward, TGCACCACCAACTGCTTAG; GAPDH reverse, GGATGCAGGGATGATGTTC. The PCR was performed under the following conditions: 95 C for 15 min followed by 40 cycles at 95 C for 15 sec, 54 C for 30 sec, and 72 C for 30 sec. For FSH␤ measurements, the equivalent of 50 ng starting RNA (as quantified before reverse transcription) was used in each reaction, whereas for GAPDH, 10 ng was sufficient. Each sample was assayed in triplicate. A standard curve with dilutions of 10 pg/well, 1 pg/well, 100 fg/well, and 10 fg/well of a plasmid containing FSH␤ or GAPDH cDNA was generated in each run with the samples. In each experiment, the amount of FSH␤ was calculated by comparing the threshold cycle obtained for each sample with the standard curve generated in the same run. After each run, a melting-curve analysis was performed to confirm that a single amplicon was generated in each reaction.
GST interaction assay
The GST-Smad2, -Smad3, and -Smad4 plasmids were kindly provided by Rik Derynck. The GFP expression plasmid was obtained from Douglass Forbes (UCSD). 35 S-labeled proteins were produced using the TnT Coupled Reticulolysate System (Promega Corp., Madison, WI). Bacteria transformed with the GST plasmids were grown to an OD of 0.6 and then induced with isopropyl-␤-d-thiogalactoside overnight at 30 C. The bacterial pellets were sonicated in 0.1% Triton X-100 and 5 mm EDTA in 1ϫ PBS and centrifuged, and the supernatant was bound to glutathione Sepharose 4B resin (Amersham Pharmacia Biotech, Piscataway, NJ). The beads were washed four times in PBS and then in HND buffer [10 mg/ml BSA, 20 mm HEPES (pH 7.8), 50 mm NaCl, 5 mm dithiothreitol, and 0.1% Nonidet P-40]. For the interaction assay, 40 l 35 S-labeled in vitro-transcribed and -translated AR, PR B , or PR A was added to the beads with 400 l HND buffer, after which 5 l GFP was added to the beads. The beads were incubated overnight at 4 C and then washed twice with HND buffer and twice with 0.1% Nonidet P-40 in PBS. Thirty microliters of 2ϫ Laemmli load buffer were added, and the samples were boiled and then electrophoresed on a 10% SDS-polyacrylamide gel. One tenth of the 35 S-labeled in vitro-transcribed and -translated product was loaded onto the gel as input. The gel was dried, and the proteins were visualized by autoradiography.
Statistical analyses
Transient transfections were performed in triplicate, and each experiment was repeated independently at least three times. We normalized the data for transfection efficiency by expressing luciferase activity relative to ␤-galactosidase activity and relative to the empty pGL3 plasmid to control for hormone effects on the vector DNA. The data were analyzed by one-way ANOVA, followed by post hoc comparisons with the Tukey-Kramer honestly significant difference test or two-way ANOVA (32) using the statistical package JMP 5.0 (SAS, Cary, NC). In the figures, an asterisk indicates significant differences from the vehicle-treated control, whereas a dagger indicates a synergistic interaction as defined by a two-way ANOVA (P Ͻ 0.05).
Results

Synergy between gonadal steroid hormones and activin enhances FSH␤ gene expression in pituitary gonadotropes
The immortalized L␤T2 gonadotrope cell line was used to test whether the gonadal steroid hormones, progesterone and testosterone, cooperate with activin to alter FSH␤ gene expression directly in the pituitary gonadotrope. Although L␤T2 cells have been shown to express AR and PR (15, 27, 33) , the levels appear to be low because the hormone response with the endogenous receptors is less than 2-fold. Thus, to amplify the hormone response and allow us to compare the effects of different receptor isoforms and receptor mutants, we transfected exogenous steroid receptors into the cells. We demonstrated previously that a significant hormone response could be detected on the FSH␤ promoter with even a small amount of exogenous receptor added to the cells and that the responsiveness continued to increase with additional receptor (15) . These results indicate that the responsiveness is not likely due to artificially high levels of exogenous receptors because the receptor is limiting in the cells.
Activin or progesterone treatment significantly induced the Ϫ1000FSH␤luc reporter gene (3-and 30-fold, respectively) in cells transfected with the rat PR (Fig. 1A) . The induction of FSH␤ gene expression was also greatly enhanced (110-fold) after the cells were treated with both activin and progesterone (Fig. 1A) . This positive interaction was determined to be synergistic using a two-way ANOVA [see Slinker (32) for details on using a two-way ANOVA to determine whether two factors are additive or synergistic].
We recently demonstrated that androgens synergize with activin on the ovine FSH␤ proximal promoter and that this synergy was dependent upon an androgen response element (Ϫ245ARE) and an activin response element (Ϫ138SBE) (22) . Thus, we were interested in determining whether a similar effect occurred on the murine FSH␤ promoter, because not all of the androgen-and activin-responsive regions are conserved between the murine and ovine promoters and because the L␤T2 cells are of murine origin. Activin or DHT significantly induced FSH␤ gene expression 4-and 11-fold, respectively (Fig. 1B) . Synergy was observed after cotreatment of the cells with activin and DHT (22-fold induction), indicating that both the ovine and murine FSH␤ promoters respond similarly in this regard and that AR is necessary for this cooperative effect.
A similar synergism on the FSH␤ promoter was also observed using synthetic analogs of progesterone and testosterone in concert with activin. Activin or the synthetic progestin R5020 significantly induced FSH␤ gene expression 2-and 39-fold, respectively (Fig. 1C) . Synergy was also observed after cotreatment of the cells with activin and R5020 (96-fold induction). Activin or the synthetic androgen R1881 induced FSH␤ gene expression 5-and 12-fold, respectively (Fig. 1D) . Synergy was observed after cotreatment of the cells with activin and R1881 (21-fold induction).
We then determined whether the synergy between gonadal steroid hormones and activin could also be observed in cultured pituitary cells. Treatment of mouse primary pituitary cells with activin resulted in a robust induction of FSH␤ mRNA levels by approximately 8-fold (Fig. 1, E and F) . Although treatment of the cells with either R5020 or R1881 alone did not result in a significant induction over vehicle control, cotreatment of the primary cells with activin and R5020 synergistically stimulated FSH␤ mRNA levels (12-fold). Similar to the findings of Leal et al. (20) with rat pituitary cells, we also observed a synergistic induction of FSH␤ by 14-fold in mouse primary pituitary cells after cotreatment with activin and R1881.
Maximal synergy between progestins and activin requires the full-length PR B isoform
Activin or the synthetic progestin R5020 significantly induced the Ϫ1000FSH␤luc reporter gene (6-and 13-fold, respectively) in cells transfected with the full-length mouse PR B isoform ( Fig. 2A) . The induction of FSH␤ gene expression was also greatly enhanced (94-fold) after the cells were treated with both activin and R5020 ( Fig. 2A) . We then tested whether the alternative isoform of PR, PR A, which lacks the amino-terminal 164 amino acids of PR B , could also interact with activin to modulate FSH␤ expression. Activin still induced FSH␤ gene expression 7-fold when the cells were transfected with mouse PR A (Fig. 2B ). In addition, progestins significantly induced the Ϫ1000FSH␤luc reporter 2-fold, although the hormonal response was 85% less than with PR B . The combination of activin with R5020 also synergistically induced FSH␤ by 16-fold. However, the hormonal response was reduced by 83% compared with the synergistic response with PR B . These results indicate that maximal progesterone responsiveness on the FSH␤ promoter occurs in the context of the full-length PR B isoform and in concert with activin.
Synergy between progestins or androgens and activin is specific to FSH␤
Because the interaction between gonadal steroid hormones and activin has been proposed to be due to steroid modulation of activin signaling inhibitors such as follistatin and inhibin, we tested whether promoters known to exhibit steroid hormone and/or activin responsiveness other than FSH␤ exhibited a synergistic induction upon cotreatment with activin and the relevant steroid hormone. Initially, we determined whether synergy occurred on a luciferase reporter gene linked to an activin-responsive element derived from the GnRH receptor promoter (the GRAS element) (30) . As indicated in Fig. 3 , the GRAS-tk-luc reporter gene was induced by activin, whereas there was no response to progestins or androgens on the GRAS promoter. In contrast to the synergy obtained on the FSH␤ promoter ( Fig. 1) , there was no increase in expression from the GRAS element after cotreatment with activin and gonadal steroid hormones compared with activin treatment alone (Fig. 3, A and B) . We then tested whether synergy between steroid hormones and activin could be observed on a steroid hormone-responsive . After overnight starvation in serum-free media, the cells were treated for 24 h with vehicle (Veh), 10 ng/l activin (Act), 100 nM progesterone (P) (A), DHT (B), R5020 (C), R1881 (D), or both activin and the relevant steroid hormone, as indicated. Luciferase activity was normalized to ␤-galactosidase activity and set relative to the empty reporter vector. Results represent the mean Ϯ SEM of at least three independent experiments performed in triplicate and are presented as fold induction of hormone treatment relative to the vehicle control. E and F, Primary pituitary cells were dispersed from 8-wk-old male mice and plated in culture. The cells were treated for 24 h with vehicle (Veh), 10 ng/l activin (Act), 100 nM R5020 (E), R1881 (F), or both activin and the relevant steroid hormone, as indicated. Total RNA was purified and reverse transcribed, and the level of FSH␤ expression was assayed by real-time PCR. In each sample, the amount of FSH␤, calculated from the standard curve, was compared with the amount of GAPDH. The results represent the mean Ϯ SEM of FSH␤ levels relative to GAPDH performed in triplicate. *, Significant differences from the vehicle-treated control; †, synergistic interaction as defined by a two-way ANOVA (P Ͻ 0.05). mouse mammary tumor virus promoter linked to a luciferase reporter gene (MMTV-luc). Treatment of the L␤T2 cells with activin did not lead to an induction of the MMTV promoter, whereas treatment with R5020 or R1881 resulted in a 4.5-and 6.5-fold induction, respectively (Fig. 3, C and D) . There was no detectable synergistic induction on the MMTV promoter after treatment with both activin and R5020; cotreatment with activin and R1881 actually resulted in a decrease in transcription compared with R1881 alone. Finally, we determined whether synergy could be observed on a luciferase reporter linked to 1.8 kb of the rat LH␤ promoter. Unlike the previous two promoters, the LH␤ promoter has been shown to be responsive to both activin and steroid hormones (13, 15, 34) . Similar to our previous report, activin induced expression of the LH␤ promoter approximately 2-fold (Fig. 3, E and  F) . No synergy was observed on the LH␤ promoter after cotreatment with activin and either R5020 or R1881. Instead, progestins decreased LH␤ gene expression both alone and in combination with activin. Similar to the findings of Curtin et al. (34) , we also observed a decrease of LH␤ expression with androgen treatment, although it was less striking than the repressive effect we observed with progesterone. These experiments indicate that the synergy seen on the FSH␤ promoter after cotreatment of activin and steroid hormones is not due to a global change in steroid hormone or activin signaling in the gonadotrope.
Cross-talk between gonadal steroid hormones and activin requires steroid receptor binding to HREs in the FSH␤ promoter
To determine whether the synergy between progestins or androgens and activin occurs directly at the level of the FSH␤ promoter, we first tested whether DNA-binding-deficient steroid receptors would still elicit a synergistic hormonal response. The PRC577A mutant is analogous to a C587A mutation in the human PR B that prevents DNA binding (35) , and the AR C562G mutation has also been reported to inhibit DNA binding (31) . Figure 4 shows that whereas activin induced FSH␤ gene expression in the presence of both wildtype and mutant steroid receptors, the response to R5020 (Fig. 4A) and R1881 (Fig. 4B ) was greatly diminished in the presence of the mutant receptors. Additionally, use of the PR C577A mutant did not result in synergy after cotreatment of the cells with activin and R5020, in contrast to the synergy observed with wild-type PR (Fig. 4A) . Similar results were obtained using the ARC562G mutant receptor (Fig. 4B) , indicating that the DNA-binding domain (DBD) regions of PR and AR are critical for the synergistic response between activin and the gonadal steroid hormones.
To further test whether the synergy between activin and progestins or androgens requires binding of PR or AR, respectively, to the FSH␤ promoter, we transfected L␤T2 cells with a reporter plasmid containing a mutated HRE at Ϫ381 of the FSH␤ promoter (Ϫ381 HRE). The Ϫ381 HRE was previously characterized as an element critical for steroid hormone responsiveness on the murine FSH␤ promoter (15) . Activin induced FSH␤ gene expression 3-and 4-fold in the presence of exogenous PR and AR, respectively (Fig. 4, C and  D) , but the steroid hormone response was significantly reduced on the Ϫ381 HRE mutant compared with the wildtype FSH␤ promoter. The synergy between progestins and activin was also substantially decreased by 73% (Fig. 4C) . The remaining synergy is probably due to PR binding to other HREs present in the FSH␤ promoter (15) . In contrast, there was no significant interaction between androgens and activin on the Ϫ381 HRE mutant promoter (Fig. 4D) .
Smad-dependent signaling is critical for synergy between steroid hormones and activin
The next set of experiments explored whether the classical activin signaling pathway was required for synergy. First, we tested whether the synergy between activin and progestins or androgens would be abrogated by reducing the bioavailability of activin with an inhibitor such as follistatin. Treatment of the L␤T2 cells with follistatin resulted in diminished basal gene expression as reported previously (24) , probably due to follistatin inhibition of the actions of autocrine activin secreted by the L␤T2 cells themselves (Fig. 5, A and B) . Induction of FSH␤ gene expression by either R5020 (Fig. 5A) or R1881 (Fig. 5B) was also reduced after treatment of the cells with follistatin. Furthermore, treatment with follistatin completely blocked FSH␤ gene expression induced by activin and reduced the synergy between activin and the gonadal steroid hormones to the level of induction seen with steroid hormone alone (Fig. 5 ).
Second, we tested whether the synergy between activin and gonadal steroid hormones was due to activation of the . After overnight starvation in serum-free media, the cells were treated for 24 h with vehicle (Veh), 10 ng/l activin (Act), 100 nM R5020, or activin and R5020, as indicated. Results represent the mean Ϯ SEM of at least three independent experiments performed in triplicate and are presented as fold induction of hormone treatment relative to the vehicle control. *, Significant differences from the vehicle-treated control; †, synergistic interaction as defined by a twoway ANOVA (P Ͻ 0.05).
Smad signaling pathway using an inhibitory Smad protein. Smad7 has been shown to act as an inhibitor of the activin signaling pathway by binding to the activin receptors and preventing the phosphorylation of Smad2 and Smad3 (36, 37) . Transient transfection of the L␤T2 cells with the pRK5 empty vector did not affect synergy between activin and progestins or androgens (Fig. 5, C and D) . However, transfection of L␤T2 cells with 200 ng Smad7 abolished the activin induction and the synergy between activin and the gonadal steroid hormones without affecting the activation by steroid hormones alone.
Finally, because Smad7 appears to have other cellular functions in addition to blocking the activation of Smad2/3 (38 -40) , additional experiments were needed to confirm whether the synergy required activation of the Smad-dependent signaling pathway. Specifically, we determined whether pharmacological inhibitors of these signaling pathways could block the synergy. The inhibitor SB-431541 has been shown to specifically block the phosphorylation of Smad2 and Smad3 (41), whereas the SB-202190 compound prevents Smad-independent activation of p38 MAPK (42, 43) . Treatment of the L␤T2 cells with dimethylsulfoxide (the vehicle control for the inhibitors) had no effect on the synergy between activin and progestins or androgens (Fig. 6) . On the other hand, treatment with 2 m SB-431541 blocked both the activin induction and the synergy between activin and the steroid hormones. In contrast, the p38 MAPK inhibitor SB-202190 significantly reduced FSH␤ gene expression after activin treatment compared with the vehicle control (P Ͻ 0.05) but did not abolish synergy between activin and progestins or androgens. These results indicate that Smad-dependent signaling is required for synergy between gonadal steroid hormones and activin on the FSH␤ promoter.
Gonadal steroid hormone receptors and Smad proteins physically interact
After demonstrating that steroid receptors and Smad-dependent signaling appear to be essential for the synergy between gonadal steroid hormones and activin, we then tested whether PR and AR can interact with Smad proteins because Smads can alter gene transcription by tethering to other transcription factors as well as by direct DNA binding (44 -46) . AR has been shown previously to interact with Smad3 and Smad4 in vitro and in prostate cancer cells (47) (48) (49) . We tested whether PR and AR interact with Smad proteins by incubating these steroid receptors with GST-Smad fusion proteins in pull-down experiments. Bacterially expressed GST-Smad2, -Smad3, and -Smad4 fusion proteins interacted with in vitro-transcribed and -translated PR (Fig.  7) . Both the full-length PR B and PR A bound to Smad2, Smad3, and Smad4. As a positive control, we also showed that AR interacts with Smad3 and Smad4, as previously reported, as well as with Smad2. In contrast, there was minimal interaction between any of the GST-fusion Smad proteins and the negative control, green fluorescent protein (GFP), or with GST alone incubated with the transcribed and translated proteins (Fig. 7) .
Overexpression of Smad proteins and gonadal steroid receptors is sufficient for the synergy
Because the synergy between progestins or androgens and activin is dependent on the Smad signaling pathway and Smad2/3/4 can interact with PR and AR, we then asked whether overexpression of Smad proteins and ligand-bound steroid receptors is sufficient for the synergy to occur. We chose to focus on Smad3 because Smad2 is difficult to overexpress in L␤T2 cells (50) . Transient transfection of the L␤T2 cells with an expression plasmid containing Smad3 resulted in a significant increase in FSH␤ gene expression compared with the empty vector (Fig. 8) . L␤T2 cells containing Smad3 were also treated with the vehicle control or either 100 nm FIG. 5. The activin signaling pathway is critical for cross-talk between activin and progestins or androgens. The Ϫ1000FSH␤luc reporter gene was transiently transfected into L␤T2 cells along with PR (A) or AR (B). After overnight starvation in serum-free media, cells were treated with vehicle, 10 ng/l activin, 100 ng/l follistatin, 100 nM steroid, or combinations of hormones, as indicated, for 24 h. The Ϫ1000FSH␤luc reporter gene was transiently transfected into L␤T2 cells along with PR (C) or AR (D) and Smad7 or empty vector control (pRK5) as indicated. After overnight starvation in serum-free media, cells were treated with vehicle, 10 ng/l activin, 100 nM R5020, or R1881, or both activin and the relevant steroid hormone for 24 h. *, Significant differences from the vehicle-treated control; †, synergistic interaction as defined by a twoway ANOVA (P Ͻ 0.05) .   FIG. 4 . DNA binding of PR or AR to the proximal FSH␤ promoter is required for the synergistic activation by steroids and activin. A, The Ϫ1000FSH␤luc reporter plasmid was transiently cotransfected with wild-type (WT) or mutant PR (PRC577A). B, The Ϫ1000FSH␤luc reporter was transiently cotransfected into L␤T2 cells with the wild-type or mutant AR (ARC562G). C and D, The wild-type Ϫ1000FSH␤luc reporter or the Ϫ381 mutant was transiently cotransfected into L␤T2 cells with PR or AR, respectively. After overnight starvation in serum-free media, cells were treated with vehicle, 10 ng/l activin, 100 nM steroid, or both hormones for 24 h. *, Significant differences from the vehicle-treated control; †, synergistic interaction as defined by a two-way ANOVA (P Ͻ 0.05). Fig. 8A) or 100 nm R1881 (Fig. 8B) . Treatment of cells with Smad3 and steroid hormones resulted in a synergistic induction compared with the steroid hormone alone, indicating that overexpression of Smad3 was sufficient to elicit cooperation between the steroid receptors and the Smaddependent signaling pathway.
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Cooperation between gonadal steroid hormones and activin requires binding of Smads to SBEs in the FSH␤ promoter
Because Smad proteins physically interact with PR and AR (Fig. 7) and they are sufficient to elicit a synergistic response with steroid receptors (Fig. 8) , we asked whether Smad proteins bind to their cognate response elements or whether they act through tethering to the steroid receptors. To address this issue, we first transfected the L␤T2 cells with a Smad3 mutant (Smad3LC) lacking the amino-terminal DBD (MH1) but containing the linker region and the carboxyl-terminal domain (MH2) necessary for interaction with Smad4 (51). The MH1 domain of Smad3 was previously shown to be critical for activin-mediated stimulation of the rat FSH␤ promoter (52) . Both progestins and androgens significantly induced FSH␤ gene expression (Fig. 9) . In contrast to the induction observed in the presence of the wild-type Smad3, there was no response to the mutant Smad3LC (Fig. 9, A and B) . The Smad3LC also did not elicit a synergistic response after treatment with R5020 (Fig. 9A) or R1881 (Fig. 9B) , indicating that the Smad DBD is critical for the synergistic interaction between gonadal steroid hormones and activin.
Second, we measured expression of a luciferase reporter containing three mutated SBEs at Ϫ267, Ϫ153, and Ϫ120 in the proximal FSH␤ promoter (3xSBE). These elements have been shown previously to play an essential role in activin FIG. 7 . PR and AR bind specifically to Smad proteins. GST interaction assays were performed using bacterially expressed GST-fusion proteins (indicated above each lane) and 35 S-labeled in vitro-transcribed and -translated AR, PR B , PR A , and GFP (indicated on the left of the panels). GFP was used as a negative control. The GST-fusion proteins included GST alone, GST-Smad2 (S2), GST-Smad3 (S3), and GST-Smad4 (S4). One tenth of the protein used in the interaction assay was loaded in the lane marked Input. The experiment was repeated several times with the same results, and a representative experiment is shown. responsiveness on the FSH␤ promoter (29, 53, 54) . Activin treatment did not induce transcription of the 3xSBE mutant (Fig. 9, C and D) . Unlike activin, both progestins and androgens increased expression of the wild-type and mutant FSH␤-luciferase reporter gene; the induction was greater on the 3xSBE mutant than the wild-type promoter. Significantly, there was no synergy observed after treatment of the cells with both activin and the gonadal steroid hormones (Fig. 9 , C and D). We further confirmed the necessity of Smad proteins binding to activin-responsive elements in the FSH␤ promoter by testing whether overexpression of Smad3 could induce a synergistic interaction on the mutant 3xSBE promoter after treatment of the cells with the relevant steroid hormone. In the context of both ligand-bound PR and AR, Smad3 was unable to promote synergy on the mutated FSH␤ promoter (data not shown).
Discussion
The experimental results presented herein provide strong evidence of a cooperative interaction between gonadal steroid hormones and activin in gonadotrope cells. In particular, the synergy between progestin or androgen and activin regulation of FSH␤ gene expression involves a direct proteinprotein interaction between PR or AR and Smad proteins while also requiring DNA binding of both steroid receptors and Smads to their cognate DNA-binding elements within the FSH␤ promoter. Our results also complement recent studies showing a synergistic interaction between activin and testosterone on ovine FSH␤ gene expression (22) as well as synergy between activin and glucocorticoids or GnRH on rodent FSH␤ promoters (29, 55, 56) .
There are several ways in which gonadal steroid hormones could interact with activin to regulate FSH␤ gene expression. One prevalent hypothesis is that testosterone interacts with activin by reducing the amount of bioavailable activin or by modifying components of the activin signaling pathway. If activin signaling were globally altered in the gonadotrope by gonadal steroid hormones, a change in the induction of any activin-responsive promoter would be expected. However, we did not observe any synergy between activin and progesterone or testosterone on a GRAS element derived from the GnRH receptor promoter or the LH␤ promoter. This indicates that the mechanism of synergy does not involve a global modulation of activin signaling but instead points to a direct interaction of the steroid and activin signaling pathways on the proximal FSH␤ promoter. We cannot rule out a role for modulation of activin signaling by steroid hormones, especially because testosterone appears to alter components of activin signaling including the levels of follistatin mRNA (17, 18) . However, we propose that this regulation may be more important in other pituitary cells, such as folliculostellate cells rather than in pituitary gonadotrope cells. Winters and Moore (57) have also suggested that the differences in the pituitary cellular environment, especially in the levels of follistatin and inhibin, may be responsible for the speciesspecific differences in FSH regulation by gonadal steroid hormones among mammals. It should also be noted that steroid receptor signaling was not generally affected because progestin and androgen responsiveness of the MMTV promoter did not change after cotreatment with gonadal steroid hormones and activin.
Because the synergistic interaction between gonadal steroid hormones and activin does not appear to be due to a global response in gonadotrope cells, we examined whether this cross-talk occurs at the level of transcription factor binding to the proximal FSH␤ promoter. We demonstrated that a functional steroid receptor DBD was essential for the synergism. Because the DBD of steroid receptors has been reported to interact with other transcription factors such as AP-1 (58 -60), we also showed that when the Ϫ381 HRE was mutated in the FSH␤ promoter, the synergy between gonadal hormones and activin disappeared, providing additional evidence that binding of PR and AR to the proximal FSH␤ promoter is crucial for synergy to occur.
In analyzing the role of the classical activin-signaling pathway in this synergy, we initially showed that follistatin can block the synergy between gonadal steroid hormones and activin by reducing the amount of bioavailable activin. Interestingly, follistatin also blunted the response to progesterone or androgen treatment on its own; probably due to the presence of autocrine activin in the L␤T2 cells. However, in contrast to our previous report on synergy between testos-FIG. 9. Disruption of Smad binding to the FSH␤ promoter blocks cross-talk between activin and progestins or androgens. A and B, The Ϫ1000FSH␤luc reporter was transiently cotransfected into L␤T2 cells with PR or AR, as indicated. Cells were also transfected with the full-length Smad3 (S3) expression vector or a truncation containing the linker and carboxyl-terminal domain of Smad3 (S3LC). After overnight starvation in serum-free media, the cells were treated with vehicle (Ϫ) and 100 nM R5020 or R1881 (ϩ), as indicated. C and D, The wild-type Ϫ1000FSH␤luc reporter or a 3xSBE mutant was transiently transfected into L␤T2 cells along with PR or AR. After overnight starvation in serum-free media, cells were treated with vehicle, 10 ng/l activin, 100 nM R5020 or R1881, or both activin and steroid hormones for 24 h. *, Significant differences from the vehicle-treated control; †, synergistic interaction as defined by a two-way ANOVA (P Ͻ 0.05).
terone and activin on the ovine FSH␤ promoter (22) , follistatin did not completely abrogate the gonadal steroid hormone induction, indicating that the autocrine activin loop is not a required component for progesterone and testosterone signaling. The fact that Smad7 and the pharmacological inhibitor SB-431542 blocked Smad-dependent signaling but not the steroid hormone induction of FSH␤ also supports this conclusion.
The next important issue that we addressed was whether the activin signaling required for the synergy occurred through a Smad-dependent or -independent mechanism. TGF␤, a member of the activin family, can signal through different pathways in multiple cell types (51) . Activin has been shown to regulate several kinases in gonadotrope cells including PI3K/Akt, ERK1/2, MAPK kinase 1/2 (MEK), and p38 MAPK. Inhibition of these pathways has been reported to have no effect on FSH␤ gene expression in several studies (55, 61) , whereas in another study, TGF␤-activated kinase 1 signaling through p38 MAPK was suggested to play a role in activin responsiveness on the ovine FSH␤ promoter (62) . We initially chose to address this question by showing that Smad7 completely blocked the synergy between activin and progestins or androgens. However, because Smad7 has been reported to have additional cellular functions in addition to preventing the phosphorylation of Smad2/3, we were cautious about interpreting our results. To further address whether the synergy occurs through a Smad-dependent mechanism, we used a pharmacological approach to inhibit the kinase activity of the activin receptor. The inhibitor SB-431542 completely blocked the synergy between gonadal steroid hormones and activin, further supporting the hypothesis that the synergy occurs through Smad-dependent signaling. In our experiments, the inhibitor SB-202190 (a close analog of SB-203580) reduced but did not abolish the cooperation interaction between activin and gonadal steroid hormones, suggesting that although p38 MAPK signaling may play a role in activin responsiveness, it is not required for the synergism.
Having demonstrated that Smad-dependent signaling was necessary for the synergy between gonadal steroid hormones and activin, we tested whether there was direct interaction between Smads and PR or AR. Using GST-interaction assays, we showed that Smad proteins can physically interact with PR in addition to AR. Our data expand the list of steroid and nuclear receptors that directly partner with Smads and suggest that a steroid receptor-Smad complex bound to DNA may be crucial for the synergy. We then addressed whether Smad proteins are sufficient for the synergy. Overexpression of Smad3 elicited a cooperative response, in the presence of ligand-activated PR or AR. Finally, we determined whether Smad proteins need to bind to the FSH␤ promoter or whether they can be tethered to the promoter via protein-protein interactions with steroid receptors. Using a Smad3 protein lacking the MH1 DBD and a FSH␤ promoter containing three mutated activin-responsive regions, we showed that binding of Smads to their cognate DNA-binding elements is necessary for synergy. Altogether, these results provide strong evidence for synergy between gonadal steroid hormones and activin modulating FSH␤ gene expression that involves direct interaction of the steroid receptors and Smad proteins at the level of the FSH␤ promoter.
These findings have important physiological implications for the differential regulation of LH and FSH. During the ovulatory cycle, GnRH levels peak right before ovulation, and this surge is immediately followed by an increase in both LH and FSH. There is also a secondary rise in FSH, independent of GnRH, that is not accompanied by an increase in LH levels (63, 64) . This differential regulation of LH and FSH can also be seen at the transcriptional level of the LH and FSH ␤-subunits (65, 66) . Several hypotheses have been put forth to explain how the secondary FSH surge is regulated, for example 1) a change in GnRH pulse frequency that favors FSH␤ transcription (5), 2) a higher level of bioavailable activin due to a drop in follistatin and inhibin levels that selectively favor FSH␤ synthesis (67, 68) , or 3) a rise in steroid hormone levels, such as progestins and androgens, that induce FSH␤ expression but inhibit LH␤ (14, 15) . Our results support a combination of the second and third hypotheses and show that they are not mutually exclusive but rather complementary. Activin may act as a tonic hormone to maintain FSH␤ at basal levels, whereas gonadal steroid hormones such as progesterone and testosterone synergistically cooperate with activin to induce FSH␤ mRNA levels and produce the secondary FSH surge. A decrease of inhibitors like follistatin and inhibin mediated by gonadal steroid hormones in folliculostellate cells in the pituitary may also play an important role. Thus, it is unlikely that any one hormone is responsible for generating the secondary FSH surge. Instead, it is probably the interactions among multiple hormonal signaling pathways in the pituitary gonadotrope that are responsible for regulating FSH synthesis.
In summary, we have established that cross-talk between gonadal steroid hormones and activin signaling pathways can occur directly on the murine FSH␤ promoter at the level of the gonadotrope. Moreover, our data refute the idea that the synergy is due solely to steroid hormone modulation of the activin autocrine loop. Rather, we demonstrate that this cooperation cannot be accomplished without the binding of both steroid receptors and Smad proteins to their HREs in the FSH␤ promoter and suggest that a direct protein-protein interaction between steroid receptors and Smads may also play a role. Further examination of the mechanisms that the two types of transcription factors employ in their synergistic enhancement of FSH␤ gene expression will lead to a better comprehension of the physiological role this interaction plays in the maintenance of reproductive fitness.
